A series of boron-containing ZSM-5 (B-ZSM-5) catalysts with particle sizes from $153 nm to $14.2 mm are synthesized by regulating the addition of silicalite-1 seeds. The B-ZSM-5 particle size with seed addition (D), the seed addition amount (x), the seed particle size (d) and the B-ZSM-5 particle size without seed addition (D 0 ) are related with by the new function
Introduction
ZSM-5-type zeolites offer tunable acidity, shape selectivity and hydrothermal stability, leading to their wide use in catalytic operations, [1] [2] [3] [4] such as alkylation, 5 methane oxidation, 6 methane aromatization, 7 environmental catalysis, [8] [9] [10] [11] Fischer-Tropsch synthesis 12 and methanol to hydrocarbon (MTP, [13] [14] [15] MTO,
16
MTA 17 etc.) reactions. However, the narrow channels of the zeolite inhibit the diffusion of reactants and products, reducing the activity of the catalyst. 18 On the other hand, the prolonged residence time of the reactants and products in the pores promote side reactions, leading to the decrease of the catalyst stability. 19 Shortening the length of the zeolite channels is a method to extend the lifetime of the catalyst. [20] [21] [22] [23] [24] [25] [26] The size of ZSM-5 has a signicant inuence on the activity and stability of the catalyst.
27-32
Clear solution crystallization and hard/so template approaches are the two widely adopted methods for the synthesis of ZSM-5 zeolites. 33, 34 However, limited by the synthesis conditions, the zeolite particle size can only be adjusted within a small range. Seed-induction synthesis, in which the crystal sizes could be well controlled by the addition of seeds, is another well-known method to adjust the particle size of ZSM-5. 35, 36 On the other hand, the introduction of SDA can affect some other properties of zeolites such distribution of aluminium, 37 the size of zeolite particles 38 and the ratio between framework and non-framework aluminium, 39 which are relevant for their catalytic characteristics. Based on seed surface crystallization mechanism, N. Ren et al. proposed a method for facile, rapid, controllable and low-cost synthesis of ZSM-5 zeolite with submicron-size. [40] [41] [42] [43] Furthermore, crystal growth kinetics, crystalline yield, and physicochemical properties of zeolite nanoparticles as a function of the seed concentration and synthesis temperature were addressed by V. Valtchev et al. 44 However, most reports focused on the study of the seed role under a single system. Few studies have revealed the effect of the synthesis system on the particle size of ZSM-5 in the presence of seed crystals.
38,39
In this work, a seed-induction approach has been developed for the micro (TPABr as template) and nano (TPAOH as template) boron-containing ZSM-5 (B-ZSM-5) synthesis systems. We establish a unied relationship to precise control and predict the B-ZSM-5 size given a set amount and size of the seed, which applied to both micro and nano synthesis systems. Furthermore, the performance of B-ZSM-5 was related to its size in the catalytic conversion of methanol to propylene.
Experimental

Materials
The reagents used for the preparation of B-ZSM-5 zeolite  are tetraethyl orthosilicate (TEOS, analytical Aer mixing the initial reactants, milky-way colloidal dispersion was obtained in the micro synthesis system, and clear solution was obtained in the nano synthesis system. 45 The pH of the reaction mixtures in both synthesis system were 13 AE 0.2. Then, a certain amount (dened as x) of seed was added to the mixture. In this work, m represents the total amount (mass) of silica in the seed, M represents the total amount (mass) of silica in the reaction mixture including the mass of silica in the seed, i.e.,
is the total amount (mass) of silica present in the reaction mixture, before addition of seed. The synthesis was performed at 170 C for 3 days. The product was collected by centrifugation and dried overnight at 100 C. Finally, the template was removed by calcination in static air at 540 C for 6 h.
Characterization
Powder X-ray diffraction (XRD) patterns were recorded on a Rigaku Smart Lab diffractometer, using a nickel-ltered CuKa X-ray source at a scanning rate of 0.02 over the range between 5
and 50 . Scanning electron microscopy (SEM) images were obtained on a Hitachi S-5500 instrument with acceleration voltages of 3 kV and 5 kV. Some samples were sputtered with a thin lm of gold. The particle size distributions of seed crystals and B-ZSM-5 products were determined by counting 100 particles in the SEM images. For irregular spheres, we used the arithmetic mean of the long and short sides to represent the diameter. Particles size distribution curves of the products shown in Fig. 6 and 9 were determined with a Zetasizer 1000 laser lightscattering (LLS) particle size analyzer. N 2 isotherms at 77 K were measured in a Quantachrome QUADRASORB SI gas adsorption analyzer. Prior to the measurement, the samples were degassed in vacuum at 300 C for 10 h. The BrunauerEmmett-Teller (BET) method was applied to calculate the total surface area, while the t-plot method was used to discriminate between micro-and mesoporosity. In the t-plot, the reported mesopore surface area (S meso ) consists of contributions from the outer surface of the particles as well as mesopores and macropores. The elemental analysis of catalysts was conducted on a Perkin Elmer OPTIMA 2000DV ICP Optical Emission Spectrometer. Thermogravimetric analysis (TGA) was performed on an SDT Q600 (TA Instruments, USA) in the temperature range of 25-800 C under air at a heating rate of 10 C min À1 . Ammonia temperature programmed desorption (NH 3 -TPD) of the sample was measured by heating the sample from 100 to 720 C at a rate of 10 C min
À1
. Each sample was rst treated at 300 C in Ar ow for 1 h, and then cooled to room temperature. The effluent stream was monitored continuously with a thermal conductivity detector (TCD) to determine the rate of ammonia desorption.
Catalytic tests
The MTP reaction was performed at 500 C in a xed-bed reactor under atmospheric pressure. The catalyst loading was 1.0 g (10-20 mesh) and the WHSV for methanol was 1.0 h À1 with a MeOH/ H 2 O molar ratio of 1 : 5. The gas products were analyzed by a gas chromatograph equipped with a Flame Ionization Detector (FID) and a HP-PLOTQ capillary column 30 m long. The liquid products were analyzed by a gas chromatograph equipped with a FID and an INNOWAX capillary column 60 m long.
3 Results and discussions
Effect of the seed size in micro-B-ZSM-5 synthesis system
Initially, experiments were performed to study the effect of seed sizes on B-ZSM-5 formation. Silicalite-1 zeolites with different crystal sizes were used as seeds. Fig. 1 displays SEM images of silicalite-1 seeds crystallized at 80, 100, and 120 C, respectively.
Based on the results of the measurement of 100 randomly distributed particles by SEM observations, the particle size distributions were derived. The average sizes of the seeds are affected by the crystallization temperature, with seed size nely adjusted to 74, 111, and 141 nm. The function of average seed size (d) vs. crystallization temperature (T) is eqn (1), as shown in Fig. 2 .
The XRD patterns show that the seeds are MFI zeolite with good crystallinity (Fig. S1 †) .
The B-ZSM-5 zeolite synthesized in the absence of seed had large crystals of 14.2 mm in diameter ( Fig. 3a and S2a †). When 1 wt% seeds were added in the synthesis system, the crystal sizes of the samples decreased to sub-micrometer and could be well tuned by adopting seeds with different sizes (Fig. 3b-d) . With 74, 111 and 141 nm seed sizes, the average particle sizes of B-ZSM-5 are 336, 536 and 691 nm, respectively ( Fig. S2b-d †) . 
The XRD patterns show that all the B-ZSM-5 samples are MFI zeolite with good crystallinity (Fig. S3 †) . Fig. S4 † shows N 2 adsorption/desorption isotherms of the B-ZSM-5 crystals grown from seed-free gels and gels containing 1 wt% silicalite-1 seeds with different sizes. With the particle size decreases, the adsorption isotherms change from type I to type II because of the increased intercrystal pores, while the external surface area increases (Table S1 †) .
Effect of the amount of seeds in micro-B-ZSM-5 synthesis system
It is well known that the size of nal crystalline products in the seed-induction synthesis depends on both amount and size of seed addition. 40 To check the inuence of the amount of seed, 0.1-10 wt% of 74 nm silicalite-1 seed crystals were added into the reaction mixture. The average size of formed B-ZSM-5 particles was 153, 195, 336 and 676 nm when the amount of seed addition was 10, 5, 1 and 0.1%, respectively (Fig. 5 and  S5 †) . In order to ensure the accuracy and reliability of particle size statistics from SEM images, the dynamic light scattering (DLS) was also used to measure the particle size distribution of B-ZSM-5 nanoparticles, as shown in Fig. 6 . The average particle size of B-ZSM-5 was 223, 316 and 672 nm when the amount of seed addition was 5, 1 and 0.1%, respectively, which was similar with the statistical results from SEM images.
By using experimental data of the amount of silicalite-1 seed and B-ZSM-5 crystal size with the polynomial tting, a good function of B-ZSM-5 size (D) vs. seed amount (x) is obtained, the function is eqn (3), as shown in Fig. 7 .
Thus, the size of the B-ZSM-5 crystals can be predicted by this correlation. For example, when the amount of seed was set as 0.5 wt% (x ¼ 0.005), the size of the B-ZSM-5 crystal calculated from the function was 403 nm, while the experiment gave a crystal with a size of 417 nm ( Fig. 5b and S5b †) .
Fig. S6 † shows N 2 adsorption/desorption isotherms of the B-ZSM-5 crystal grown from gels containing 0.1-10 wt% of 74 nm silicalite-1 seeds. With decreasing particle size, the N 2 uptake at high P/P 0 is enhanced. This is associated with capillary condensation of nitrogen within the intercrystal pores.
3 The BET surface area and the micropore volume of the sample have almost no change when the size of crystals decreases from 676 to 153 nm, while the external surface area increases from 34 to 47 m 2 g À1 , and the pore volume increases from 0.23 to 0.34 cm 3 g À1 (Table S2 †) . The XRD patterns show that the crystals are MFI zeolite with good crystallinity (Fig. S7 †) .
Effect of the amount of seeds in nano-B-ZSM-5 synthesis system
In the nano-B-ZSM-5 synthesis system, 0.1-10 wt% of 74 nm silicalite-1 seed crystals was added into the reaction mixture. The SEM image shows that the average B-ZSM-5 crystal size was 268 nm in the absence of seeds (Fig. 8a and S8a †) . The crystal sizes of the samples became slightly smaller with an increasing amount of seeds (Fig. 8b-f and S8b-f †). With the increase of the amount of seeds from 0.1 to 10 wt%, the average size of B-ZSM-5 was decreased from 266 nm to 157 nm (Fig. 10 ). Furthermore, when the amount of seed (74 nm) was increased to 5 wt%, the sizes of B-ZSM-5 crystals synthesized in TPABr and TPAOH media were almost the same, which were 195 and 188 nm, respectively. Fig. 9 shows the particle size distribution of the B-ZSM-5 synthesized in the nano synthesis system with DLS measurement method. The average particle size of B-ZSM-5 was 182, 221 and 280 nm when the amount of seed addition was 5, 1 and 0.1%, respectively, which was similar with the statistical results from SEM images. It is well known that the crystallization of B-ZSM-5 zeolites occurs on the surface of nuclei, 40 and the number of nuclei produced in the synthesis system does not change when the seed is added (Scheme 1). Then, the number of nuclei in the system is equal to the number generated and the added seed crystals (eqn (6)). In the equation, m is the mass of silicalite-1 seed; M is the mass of B-ZSM-5 product; x represents m/M (eqn (4)); r is the density of MFI zeolite; D, d, and D 0 are the diameter of the B-ZSM-5 particles with seed addition, the seed itself, and the B-ZSM-5 particle without seed addition, respectively. 6m/pd 3 r represents the number of silicalite-1 seed crystals, and 6(M À m)/pD 0 3 r represents the number of generated nuclei. We arrive at eqn (7) by substituting eqn (6) into eqn (5).
With eqn (7), the nal crystal size of micro-or nano-synthesis systems with different seed sizes and amount can be easily calculated (Table 1 ). More interestingly, using the calculated data, we can get the relationship between the sizes of B-ZSM-5 zeolite and the seed size or amount in different synthesis systems (Fig. 11 , we choose different synthesis system which D 0 is 14.2 mm, 1 mm, 500 nm and 300 nm). The calculated curves show that the sizes of B-ZSM-5 crystals of different synthesis systems are almost the same when the amount of seed (74 nm) is larger than 3 wt%. In the micro-synthesis system (e.g. D 0 is 14.2 mm), when the size of seed is smaller than 300 nm, eqn (7) can be simplied into eqn (8) , which agree with the relationships shown in Fig. 7 (eqn (3) ).
3.5 Effect of particle sizes of B-ZSM-5 on the MTP reaction peak at about 200 C could be assigned to weakly adsorbed ammonia on B-ZSM-5, and the peak at about 380 C could be ascribed to strong acid sites of B-ZSM-5. From Fig. S9 and Table  S3 , † it can be seen that the acidity and chemical compositions were similar among the B-ZSM-5 samples with different particle sizes. Meanwhile, both the external surface area and total pore volume show quasi-linear dependence with the particle size of B-ZSM-5, gradually increasing upon decreasing the size of the particle (Fig. 12) . These properties prove more benecial for the transport of reactants and products, while increasing the carbon capacity. Fig. 13 and S10 † illustrate the methanol conversion and the products selectivity for the B-ZSM-5 catalysts with sizes 14.2 mm, 676 nm and 336 nm, respectively. During the rst 10 hours, the conversions of the three catalysts were all higher than 99%, and the selectivity were 34%, 40% and 40%, respectively. 10 h later, the methanol conversion and selectivity of propylene dropped for the B-ZSM-5 with a large particle size of 14.2 mm, while the catalytic performances of B-ZSM-5 with 676 and 336 nm sizes can be maintained stable for more than 600 hours (620 h and 794 h, respectively). As expected, the shorter channels and higher pore volume improved catalyst performance for the MTP reaction.
The coke content in the deactivated catalysts was determined using a detailed thermal analysis. Fig. S11 † shows the mass loss of the deactivated catalysts during coke combustion. The catalyst with 14.2 mm particle size has a coke content of around 9.8%; whereas the 336 nm size catalyst showed a mass decrease of 23% aer combusting all coke deposits. To compare the coke formation rate, we also determined the mass loss of the 336 nm catalyst aer 46 hours reaction, and the coke content is 6.4%, which is smaller than that of 14.2 mm catalyst. These results identify that the catalyst with smaller particle size can indeed limit carbon formation while also having a larger carbon capacity (Table 2) .
Conclusions
A series of B-ZSM-5 zeolites with particle sizes from $153 nm to $14.2 mm were synthesized by regulating the addition of silicalite-1 seed, and we established a unied function D . Furthermore, the performance of B-ZSM-5 was related to its size in the catalytic conversion of methanol to propylene. With decreasing zeolite particle size, carbon formation is slowed and carbon capacity is increased. Adding only 1 wt% of 74 nm seed to the synthesis system can improve the practical catalyst life time from 46 h to 794 h. a Methanol conversion is greater than 90%. 
